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Beech Bark Disease (BBD) is a serious invasive complex composed of native and introduced 
organisms affecting American beech in the northeastern United States and eastern Canada. BBD 
develops first with the invasion of the scale insect Cryptococcus fagisuga (Advance Front), then 
with attack by ascomycetous fungi in the genus Neonectria (Killing Front), and finally with 
chronic infection and excessive production of beech root sprouts (Aftermath Forest). Recent 
evidence suggests that disease development in the Aftermath Forest is influenced by host bark 
chemistry including phosphorous, nitrogen, and the flavanols catechin and isorhamnetin. This 
study examined the concentrations of these four compounds in the bark of American beech along 
five transects in New York and Pennsylvania. These transects extended from the Pre-BBD Forest 
to the Aftermath Forest, passing through the Advance Front and Killing Front. Nitrogen and 
phosphorous did not vary with disease initiation or progression, but catechin was elevated 
significantly on Killing Front trees with active Neonectria infection. Isorhamnetin was not 
detected in any of the study trees. This study is the first comparison of tree chemistry across all 
phases of BBD and is the first to highlight an induced defense response of the host to challenge 
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 Beech bark disease (BBD) is an invasive insect-fungal complex that affects American 
beech, Fagus grandifolia Ehrh., (hereafter ‘beech’), that was introduced into southeastern 
Canada from Europe over a century ago (Hewitt, 1914), and has since spread south to Tennessee, 
and west to Wisconsin (USDA Forest Service, 2016). It has caused significant and varied 
ecological disturbance, including inhibition of forest regeneration dynamics (Nyland, 2006), 
decreases in groundcover plant diversity (Cale et al., 2013), and landscape-level reduction of 
aboveground tree biomass (Busby & Canham, 2011). The components of the BBD complex are 
two ascomycetous fungi— Neonectria faginata Castlebury et al. and Neonectria ditissima 
Samuels & Rossman— and a scale insect, Cryptococcus fagisuga Lind., which, using a stylet it 
injects into the bark, feeds on the phloem and phelloderm cells of beech (Ehrlich, 1934). The 
first instar nymphs (‘crawlers’) of C. fagisuga are mobile and are often wind dispersed, but all 
other life stages are sessile (Wainhouse, 1980). Wind 
dispersal of crawlers is the principal method by which the 
disease expands its range (Ehrlich, 1934).  
Shigo (1972) proposed a three-stage model of 
disease development for BBD. These stages occur at the 
stand level, i.e., all the affected trees in a stand progress 
through the phases synchronously. In the first stage, the 
Advance Front (AF), C. fagisuga colonizes a naïve beech 
stand. The insects occur at high densities ranging up to 270 
scales/cm2 of bark (Teale et al. 2009), often completely 
coating their host trees’ bark with their waxy secretion (Fig 
1). Signs of the fungi are scarce or absent in this stage. The 
Figure 1 A tree coated with the 
waxy secretions of Cryptococcus 
fagisuga. For comparison, a 
mostly unaffected tree can be 




second stage, the Killing Front (KF), is distinguished by the presence of extensive fungal 
infections— manifested as bark lesions— on most large diameter beech in the stand. These 
lesions are comprised first of the asexual sporodochia of Neonectria, and later of the sexual 
perithecia (Ehrlich, 1934). The trees with high numbers of lesions exhibit extensive crown 
dieback and appear to lose structural integrity, eventually succumbing to windthrow. Reported 
mortalities of large beech stems in this phase range from 50% (Houston, 1994) to as high as 80% 
(Zabel et al., 1958) Notably, the root systems of these trees are not killed, precipitating the third 
stage, the Aftermath Forest (AM). The AM is characterized by depressed C. fagisuga 
populations and the proliferation of root sprouts, resulting in dense, clonal understories of small 
diameter beech which are susceptible to further BBD infections. 
 While this model plays out predictably wherever BBD is introduced, important questions 
about the mechanisms that drive it remain unanswered. For instance, for most of the history of 
BBD in North America, it was assumed that both C. fagisuga and N. faginata were non-native; 
N. faginata was referred to as N. coccinea var. faginata in the literature prior to 2006 because it 
was thought to be a subspecies of the European BBD fungus, Neonectria coccinea (Shigo, 1972; 
Wargo, 1988; Houston, 1994). However, using molecular phylogenetics, Castlebury et al. (2006) 
and Hirooka et al. (2013) demonstrated that it is a separate species endemic to the Nearctic 
Region. Because N. faginata only manifests itself in the context of BBD, and because BBD in 
North America began with the introduction of C. fagisuga, it remains a mystery where N. 
faginata occurred before the introduction of C. fagisuga. We also do not know how the activity 
of this insect causes N. faginata to become active and pathogenic on beech. Neonectria ditissima, 
conversely, has long been known to be an endemic pathogen on other hardwood tree species on 




Critically, the mechanism by which C. fagisuga feeding in the AF precipitates Neonectria 
spp. lesion development on beech in the KF remains unknown. One explanation proposed by 
Ehrlich (1934) was that the wounds left by insect feeding stylets served as infection courts for 
the spores of Neonectria spp. To test this hypothesis, he artificially wounded beech bark using 
needles and scalpels and then exposed the wounds to inoculum. According to his reports, this 
“almost invariably” produced infection, but little detail is given about these experiments. 
Additional supporting evidence by Wiggins et al. (2004) showed that the densities of C. fagisuga 
and Neonectria spp. (Hereafter ‘Neonectria’) were sometimes correlated in the KF in the Great 
Smoky Mountains. If scale feeding damage creates infection courts, then more infection courts 
should result in more infections. However, quantification of C. fagisuga density and Neonectria 
lesion density in the AM in Central New York over a 1.5-year period failed to find a significant 
relationship (Cale et al., 2012). Indeed, it is not uncommon in the AM to see trees with extensive 
Neonectria lesions but very few scale insects. These apparently contradictory reports make it 
difficult to draw conclusions about the exact role of the scale insect in disease development. If 
simple feeding wounds are required for Neonectria infection, then wounding events which occur 
regularly in all forests, including those without C. fagisuga, would presumably be sufficient to 
cause some level of infection. Yet, Neonectria infection is never found on beech beyond the 
range of C. fagisuga.  
 Another potential explanation considered by Ehrlich (1934) was that feeding by C. 
fagisuga modifies the bark chemistry of beech in a manner rendering it vulnerable to infection by 
Neonectria. In particular, the insect may eliminate or deactivate constitutive anti-fungal defenses. 
Plants have diverse chemical defenses, but in angiosperms, they are most often either defensive 




2008). Defensive proteins playing a major role in pathogen defense have not been reported in the 
Fagaceae, but the same is not true for phenolics. For example, Ockels et al. (2007) established a 
clear difference in tissue phenolic composition between coast live oaks (Quercus agrifolia) that 
were resistant vs. susceptible to sudden oak death (Phytophthora ramorum). The statistical 
model created was able to differentiate between resistant and susceptible trees with 99% 
accuracy using infrared spectroscopic analysis of phloem phenolics (Conrad et al., 2014). These 
results suggest that phenolics may play role in defense against BBD as well. 
 Interactions between constitutive phenolics in beech and BBD were investigated by 
Ostrofsky et al. (1984) who classified trees as ‘resistant’ or ‘susceptible’ using the absence of 
Neonectria cankers to determine resistance. Their study trees measured between 19 and 30 cm 
DBH, but the likelihood of canker development, even in susceptible trees, is not yet near its 
maximum in this diameter range (Latty et al., 2003), so a lack of cankers in size classes below 35 
cm is not by itself evidence for a resistance phenotype. Nonetheless, Ostrofsky et al (1984) 
present clear evidence that total phenolic concentration is both drastically reduced in bark that 
has experienced extensive Neonectria activity and abnormally elevated in the healthy bark 
directly surrounding those tissues. 
Wargo (1988), also examined the relationship of phenolics and BBD by studying the 
effects of C. fagisuga feeding. He used High Performance Liquid Chromatography (HPLC) on 
bark extracts taken from trees with and without C. fagisuga infestations and found that an 
unidentified phenolic was present in samples taken from infested trees, but was lacking in those 
with no insect presence. This suggests one of two things: either beech trees produce elevated 
quantities of the phenolic in response to attack by the insect, or that only trees with elevated 




Cale et al. (2015) conducted a case-control experiment in which they first analyzed the 
bark chemistry of C. fagisuga-infested trees in the AM that lacked signs or symptoms of fungal 
infection. A comparison was then made between trees that developed infection within 1.5 years 
from the sampling date, and those that did not. They measured amino acid content, nutrient 
content, and phenolic composition, and concluded there were three key factors: (1) beech stems 
with low concentrations of the flavanol isorhamnetin were predisposed to N. ditissima 
colonization, (2) those with low concentrations of the flavanol (+)-catechin (hereafter ‘catechin’) 
were predisposed to N. faginata colonization, and (3) high bark phosphorous (P) predicted a lack 
of infection by either pathogen.  
 Because bark chemistry measurements were made prior to disease emergence, 
differences in infection incidence can be interpreted as a result of bark chemistry differences, not 
a cause of it. Higher concentrations of these flavanols and of P may therefore indicative of short-
term (or long-term) resistance to the BBD pathogens in the AM. Catechin has been associated 
with pathogen resistance across a diverse set of taxa (Hakulinen et al., 1999; Danielsson et al., 
2011; Li et al., 2012). Isorhamnetin has not been reported as being associated with pathogen 
resistance in plants. The nitrogen-to-phosphorous (N:P) ratio was very strongly correlated with 
absolute P, suggesting that a low N:P ratio may be the factor that predicts Neonectria 
susceptibility in the AM. This is compatible with the work of Latty et al. (2003), who found that 
high bark nitrogen was strongly correlated with likelihood of Neonectria infection in the AM. 
Although the mechanism underlying the association of Neonectria infection with N:P ratio is 
unclear, such interactions are not unprecedented in other pathosystems (Hesterburg & Jurgensen, 




Although these studies indicate that bark phenolics play a role in BBD development, each 
one was conducted exclusively in the AM; extrapolation from the conclusions of studies 
conducted in the AM to the AF and KF are untested. Thus, I carried out a study to determine if 
bark concentrations of isorhamnetin, catechin, N, and P play a role in disease development in the 
AF and the KF. Because Cale et al. (2015) established that lower concentrations of isorhamnetin, 
catechin, and P led to higher probabilities of Neonectria infection, I hypothesized that the 
feeding activity of C. fagisuga in the AF would decrease the concentrations of these compounds, 
making the trees susceptible to the fungus. If the hypothesis is true, then bark concentrations of 
these three compounds would decrease from Pre-BBD forests, to the AF, to the KF, to the AM. 
Similarly, because Latty et al. (2003) found that higher bark N concentrations predicted higher 
Neonectria susceptibility, I hypothesized that the concentrations of N would progressively 
increase as BBD progressed through its phases. Decreasing P and increasing N would produce 
higher N:P ratios, which Cale et al. (2015) suggested would increase susceptibility to Neonectria. 
Figure 2 Differences between Type 1 “circular” lesions (Left) and Type 2 “diffuse” lesions (Right) can be 
seen. They are different in both the colony morphology and the sizing of the necrosis beneath the fruiting 





Because Cale et al. (2015) found that the different Neonectria species interacted 
differently with bark chemistry, it was important to determine what species was present on 
sampled trees. Thus, the study design was modified to simultaneously accomplish a secondary 
objective involving differentiation of the two species of Neonectria. To date, the common 
wisdom has been that the two species of Neonectria cannot be differentiated in situ. However, it 
has been observed that colonies of sexual fruiting structures (perithecia) on beech bark can 
organize themselves into two different shapes (Cale, pers. comm.). These lesion morphologies 
can be described as such: Type 1) ~2.5 cm diameter ovate clusters of perithecia known to be 
classically associated with the disease, and Type 2) large, irregular areas of perithecia (Fig 2). It 
has been observed anecdotally that lesion Type 2 tends to be identified as N. ditissima when later 
examined in vitro, while Type 1 tends to be N. faginata (Cale, pers. comm.). This has never been 
described in the literature. This study will additionally seek to confirm the veracity of this 






Study Site Selection 
Based on the current geographic distribution of BBD (Cale et al., 2017; USDA Forest 
Service, 2016), five north-south transects spanning AM, KF, AF, and Pre-BBD forests were 
established in southwest New York and central Pennsylvania. Each transect was 16 km wide and 
32 km west of the previous one from midpoint to midpoint. Pennsylvania State Game Lands 
(SGLs) contacted by the transects were chosen as potential study sites. SGLs were appropriate 
for this study because of their small size and relatively uniform distribution across the state. To 
select which SGLs would be sampled, north-to-south travel on the each transect was undertaken, 






BBD Phase (#Trees) GPS Coordinates State Game Land (PA) / State Forest 
Pre-BBD (4) N40 39.362 W76 58.928 194 
Pre-BBD (3) N40 28.430 W77 23.133 88 
Pre-BBD (4) N40 41.744 W78 13.335 278 
Pre-BBD (4) N40 32.305 W77 42.459 113 
Pre-BBD (4) N40 47.694 W78 34.259 120 
AF (4) N41 51.176 W78 09.607 59 
AF (4) N40 45.083 W76 52.171 212 
AF (4) N40 58.606 W77 42.745 323 
AF (4) N41 13.248 W78 18.327 30 
KF-old (6) N41 25.213 W77 15.878 75 
KF-dis (3) 
KF-old (3) 
N41 51.331 W78 04.523 204 
KF-dis (4) 
KF-old (1) 
N41 00.657 W77 44.698 92 
KF-dis (3) 
KF-old (4) 
















N42 15.247 W78 05.938 Coyle Hill State Forest (NY) 
AM- dis (4) 
AM- old (2) 
N42 23.160 W78 22.036 Bush Hill State Forest (NY) 
 
signs and symptoms of a disease phase that had not yet been seen on that transect. If such trees 
were found, that SGL was chosen as a sampling site (Fig. 3).  
The following criteria were used to determine BBD phase: if a stand had both 
Cryptococcus fagisuga and Neonectria and contained numerous root sprouts that were of  
sufficient DBH for sampling (see ‘Tree Selection’), it was considered to be AM. If both insect 
and fungus were present, but the root sprouts in the stand were too small to be sampled (see 
‘Tree Selection’), then the stand was marked as KF. These stands were typically dominated by 
substantial numbers of large, living beech trees. AF stands contained C. fagisuga, but Neonectria 
could not be found during the 45-minute search. The AF sites in this study did not exhibit 
extremely high scale densities often described as being associated with the AF (Shigo, 1972). 
Table 1: All sampling locations are listed here. Quantities of sampled trees in each category at each site are 
listed; KF indicates a Killing Front site, AF indicates and Advance Front site, and AM indicates an Aftermath 
Forest site. ‘Old’ trees possessed evidence of prior years of infection, but no current year infection, while ‘Dis’ 




Scale densities at these sites could be subjectively described as similar to those in the AM. 
Finally, in Pre-BBD stands, neither C. fagisuga nor Neonectria could be found in the 45-minute 
search. 
Two sites in Pennsylvania were located in State Forests (SFs) that abutted SGLs because 
they more closely matched the experimental protocol than the adjacent SGLs. Most sites were in 
Pennsylvania; only two AM sites were in southwestern New York (Table 1, Fig. 4). 
 
Tree Selection  
Trees were selected for sampling that showed signs and symptoms of that site’s BBD 
phase and had a DBH between 20 and 35 cm. This is the same size class as that used by Cale et 
al. (2015). Trees were selected in one of two ways. In stands with beech densities high enough to 
facilitate this sampling method, a compass bearing generated with a random number generator 
was followed for 60 m from the first sample tree and the nearest beech matching the above 
criteria was sampled every 20 m. This spacing was chosen to prevent repeat sampling of clonal 
stems (Jones & Raynal, 1986). In stands with lower beech density, trees were selected every 20 
m from those available. In each Pre-BBD site, four trees were sampled. In each AF site, four 




and four trees with lesion type 1 were sampled, resulting in a total of between four and eight 
trees, as some trees had both lesion types. Sampling of AM sites was similar to that of KF sites, 
except four additional trees lacking any evidence of lesions were also sampled, providing a total 
of between eight and twelve trees.  
 
Bark Sampling and Processing 
Bark Sampling took place in July and August of 2018, before the emergence of annual 
Neonectria lesions. A 2.5 cm bark disc was removed from the south side of a tree at a height 0-2 
m from the ground with an arch punch. With few exceptions, bark samples did not include areas 
with scale insects or indications of prior Neonectria lesions. Samples were immediately placed in 
plastic bags which were then sealed and placed on dry ice for transportation, and the arch punch 
was sterilized using 70% ethanol between each sample. C. fagisuga presence/absence was 
recorded for each sampled tree. 
 
Determination of Catechin Concentrations 
Samples were stored in the laboratory at -60 °C until extraction by first grounding to a 
fine powder using a mortar and pestle under liquid nitrogen. Then, ground tissue (100 ± 1 mg) 
was suspended in methanol (500 µL), vortexed for 10 seconds, and then sonicated for 30 minutes 
at room temperature. Samples were then centrifuged at 12000 g for 5 minutes, after which the 
supernatant was transferred to new tubes and centrifuged again at 12000 g for 2 minutes. 
Supernatant (180 µL) was moved to a 1.5 mL vial and stored at -60 °C for later analysis 
(Chakraborty et al. 2014).  
A pure catechin standard (INDOFINE Chemical Company, Inc., Hillsborough, NJ, USA) 




with 5mm Cryo TXIO probe. Extracted bark was analyzed using HPLC-PDA on a Waters 
Alliance 2695 (Waters Coporation, Milford, MA, USA) with an autosampler and solvent 
delivery system, a Waters 2996 PDA (Waters Coporation, Milford, MA, USA) detector, and a 
250 x 4.6 ACE 5 C18 column (Advanced Chromatography Technologies, Ltd., Aberdeen, 
Scotland). Using 0.02% trifluoroacetic acid (TFA) in water as solvent A and 0.02% TFA in 
acetonitrile as solvent B, separation was achieved using isocratic 90% A with a 1 µL injection. 
Detection was set at 279.3 nm, and the response was linear between an equivalent bark 
concentration of 2.4 mg catechin/g bark and 11 mg catechin/g bark. The catechin detection limit 
(55 µg catechin/g bark) and all sample catechin concentrations were calculated from this 
standard curve with single standard injections to verify the stability of the response factor. The 
response factor (RF) was calculated using the following equation: 
𝑅𝐹 =





This was then used to calculate the limit of detection (LOD) using this equation: 
𝐿𝑂𝐷 =






𝑤𝑒𝑖𝑔ℎ𝑡 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 (𝑔 𝑏𝑎𝑟𝑘)
 
Where the minimum area was 10,000 absorbance units. Finally, concentrations of individual 










𝑤𝑒𝑖𝑔ℎ𝑡 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 (𝑔 𝑏𝑎𝑟𝑘)
 
Recovery efficiencies for catechin were tested by homogenizing three 2.5 cm bark plugs 
from an AM tree using a mortar and pestle under liquid nitrogen. Ground bark was divided into 




tubes. Tubes were divided into 4 groups of 3 replicates. Group A was extracted as described 
above. Group B was extracted similarly, except 60 µL of 155.58 µg/L catechin standard were 
added to 440 µL of methanol prior to sonication. Group C was sonicated as normal, but 20 µL of 
catechin standard were added to 160 µL of the post-extraction methanol. Group D was extracted 
in the same manner as Group C, but the vials were kept at room temperature for three days prior 
to analysis to determine if low temperature storage affected phenolic concentration. 
 
Elemental Analysis 
Ground bark tissue from each sample was desiccated at 60 °C then 250 mg samples were 
placed in a crucible with 10 mL of 15.8 M nitric acid. A microwave digest was performed at 
1800 W for 10 minutes at 200 °C in a Mars 6 Microwave Digestion System (CEM Corporation, 
Matthews, NC, USA). After the digest was completed, the contents of each crucible were 
transferred to scintillation vials via three 10 mL aliquots of deionized (DI) water for quantitative 
transfer. Deionized water was added to bring the volume to 50 mL, and then the vials were 
weighed. Finally, Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) on a 
Perkin Elmer Optima 3300DV was used to determine final concentrations of phosphorous. 
Desiccated, ground bark tissue (5.3 ± 0.5 g) from each sample was encapsulated in tin 
foil and processed using dry combustion on a FlashEA 1112 NC Analyzer (Thermo Fisher 
Scientific) to determine nitrogen concentrations. 
 
Fungal Sampling 
In late September of 2018, after perithecia of Neonectria had emerged, the KF and AM 
trees which had been sampled in summer were revisited, and the presence or absence of new 




mixture of Type 1 and Type 2. For each tree, up to three discrete perithecial colonies from 0-2 m 
above the ground were sampled using an arch punch sterilized with 70% ethanol. The bark discs 
were sealed in a plastic bag and placed in a cooler with ice for transportation, and then stored in 
the laboratory at 6 °C. 
 
Fungal Identification  
Identification of Neonectria samples was accomplished using two methods. First, a 
perithecium from a bark disc was placed in sterile water and squeezed to expel the spores. The 
spores were then transferred to potato dextrose agar (Thermo Fisher Scientific, Waltham, MA, 
USA (Ehrlich 1934) with pH 8 as recommended in (Ehrlich, 1934) and ampicillin (VWR Life 
Science, Radnor, PA, USA) at 50 µg/mL and incubated at 20°C (Hendry et al. 2002). Plates were 
incubated for at least two weeks. The presence of deep orange-red color in the hyphae was used 
to distinguish N. faginata from N. ditissima (Fig. 5). The second method used ascospore length; 
ten ascospores from a single perithecium on each bark disk was measured under a microscope 
with an ocular micrometer; those measuring between 14.9 and 18.9 µm were Neonectria 
Figure 5 Top (A) and bottom (B) of a culture of Neonectria faginata on potato dextrose agar. The red 





ditissima and those measuring between 10.4 and 12.0 µm were Neonectria faginata (Castlebury 
et al. 2006).  
 
Statistical Analysis 
 Both fungal identification methods indicated that all sampled fungi in the study were N. 
faginata and all samples were therefore grouped for statistical analysis. In all statistical analyses, 
significance was considered at p < 0.05. Statistical analyses were performed using SAS, Version 
9.4 of the SAS System for Windows. Copyright © 2013 SAS Institute Inc. (SAS Institute Inc., 
Cary, NC, USA). Seven distinct sample groups were used in the analysis: 
1. Pre-BBD: Trees in the Pre-BBD forest  
2. AF: Trees in the Advance Front  
3. KF-dis: Trees in the Killing Front bearing new lesions  
4. KF-old: Trees in the Killing Front with bark scarring indicating prior lesions, but did not 
develop lesions during the year of sampling 
5. AM-dis: Trees in the Aftermath Forest bearing new lesions 
6. AM-old: Trees in the Aftermath Forest with bark scarring indicating prior lesions, but did 
not develop lesions during the year of sampling 
7. AM-clean: Trees in the Aftermath Forest free of current or prior year lesions 
 
While there were seven treatment categories, there were only four sites per transect; only one 
AM site and one KF site were visited per transect. During initial bark sampling, it was naturally 
not possible to predict whether a given tree in the KF or AM would develop lesions during the 




sampling. This, along with the loss of several samples during processing, resulted in an 
unbalanced design, so Type III Sums of Squares were used for all analyses. 
Two-Way ANOVAs were used to detect significant differences in phosphorous, nitrogen, 
and catechin. Transects were used as a blocking factor because of the high expected within-
treatment variation caused by the great geographical distance between sites. Sampling sites were 
treated as experimental units, while individual trees were considered sampling units. Means were 
calculated for each treatment at each sampling site prior to statistical analysis. Assumptions of 
normality and homoscedasticity were evaluated using Shapiro-Wilk tests and Levene’s test, 
respectively. Assumptions of independence were evaluated by visually inspecting plots of 
residuals versus sampling order. 
Phosphorous, nitrogen, and catechin concentrations were each tested using four different 
ANOVAs; one test could not be used for all seven treatment groups because some sites (AM 
sites and KF sites) had multiple treatments while others did not. The ANOVAs were as follows: 
1. Pre-BBD vs AF vs KF-dis vs AM-clean: this blocked ANOVA tested for differences 
between diseased and asymptomatic trees. In the case of a significant overall F-test, the 
following set of orthogonal contrasts was evaluated using F-tests. 
 
Contrast Pre-BBD Advance Front Killing Front Aftermath Forest 
Killing Front vs All -1 -1 3 -1 
Aftermath vs Pre-BBD + Advance -1 -1 0 2 






2. Pre-BBD vs AF vs KF-old vs AM-clean: this blocked ANOVA tested if the patterns 
observed in ANOVA 1 were unchanged when disease was removed from the analysis. 
3. AM-clean vs AM-old vs AM-dis: this blocked ANOVA tested if trees in the AM under 
various forms of disease stress varied in their bark chemistry 
4. AM-old vs AM-dis vs KF-old vs KF-dis: this blocked ANOVA with split plots used AM 
vs KF as a whole plot effect and current diseased vs prior infection as a subplot effect. 
This was intended to detect differences between AM and KF bark chemistry. If the 
interaction F-test was significant, Tukey-Kramer pairwise comparisons were used to 
examine simple effects. 
 
If the results of any ANOVAs were significant, a MANOVA was conducted using all 














NMR revealed the concentration of the catechin standard to be 155.58 µg/L.  The 
catechin concentrations of bark samples from 88 trees were quantified. Recovery efficiency from 
triplicate extractions was 100±10% (data not shown) and was not affected by leaving samples at 
room temperature for three days, indicating that cold storage may not be necessary for this 
compound. There was no correlation of bark catechin concentration with DBH (p = 0.81).  
In the first ANOVA, comparing Pre-BBD vs AF vs KF-dis vs AM-clean, normally 
distributed, log-transformed catechin values were significantly different among groups (p = 
0.038). The ‘Killing vs All’ contrast was also significant (p = 0.0067), revealing that the bark 
catechin concentrations of diseased trees in the KF were elevated compared to those in the other 
phases. The other contrasts in the orthogonal set— ‘Aftermath vs Pre-BBD + Advance’ and ‘Pre-
BBD vs Advance’— yielded no significant differences (p = 0.85 and p = 0.32, respectively), 
indicating that there were no differences in catechin concentrations among the Pre-BBD, AF, and 
AM-clean trees.  
A Pearson’s correlation analysis was significant for nitrogen vs phosphorous (ρ = 0.53, p 
= 0.0043) and for nitrogen vs catechin (ρ = 0.66, p = 0.0002), and marginally significant for 
catechin vs phosphorous (ρ = 0.37, p = 0.0866). Therefore, phosphorous and nitrogen were 
added to this analysis to perform a MANOVA. The result was non-significant using Wilks’ 
Lambda statistic (p = 0.32), Pillai’s Trace statistic (p = 0.40), or Hotelling-Lawley Trace statistic 
(p = 0.26). It was significant using Roy’s Greatest Root statistic (p = 0.015), but this was not 
pursued further because 93% of all variation was confined to one canonical discriminant function 




assumption of multivariate 
normality could not be satisfied by 
the Mardia Skewness test (p = 
0.00027). 
 The second ANOVA, 
comparing Pre-BBD, AF, KF-clean, 
and AM-clean bark catechin, failed 
to show significant differences 
between groups (p = 0.7132). The 
third ANOVA, comparing log-
transformed, normally distributed 
catechin concentrations of AM-dis, 
AM-old, and AM-clean, detected 
marginally significant differences (p 
= 0.0972). The fourth ANOVA, 
which compared bark catechin in a 
split plot design among the groups 
AM-dis, AM-old, KF-dis, and KF-
old showed a significant interaction 
effect between disease phase and 
current-year infection presence 
(p=0.0125). Tukey-Kramer pairwise 
comparisons with corrected p-
Figure 6 UV-Photodiode Array spectra of A) the 
compound which Cale et al. (2015) identified as 
isorhamnetin, B) the isorhamnetin standard purchased in 
my study, and C) isorhamnetin as identified from sea 





values revealed similar results to the first ANOVA; KF-dis trees had significantly elevated 
catechin compared to both AM-dis trees (p = 0.026) and KF-old trees (p = 0.030). KF-dis trees 
were marginally different from AM-old trees (p = 0.073). No other pairwise comparisons were 
significant. In summary, six of the seven categories (Pre-BBD, AF, KF-old, AM-clean, AM-dis, 
and AM-old) had similar mean catechin concentrations (958.3 μg/g, 1025 μg/g, 990.5 μg/g, 
797.1 μg/g, 1232 μg/g, and 1330 μg/g, respectively), while only KF-dis trees had significantly 
elevated catechin levels (1722 μg/g).  
 
Phosphorous & Nitrogen 
Mean phosphorous for all sampled trees was 313.4 + 80.9 (SD) mg/kg bark. Bark 
phosphorous was not correlated with DBH (p = 0.58). No significant differences among groups 
were found for bark phosphorous (ANOVA 1, 2, and 3: p = 0.36, p = 0.36, and p = 0.16, 
respectively). In ANOVA 4, log-transformed, normally distributed phosphorus concentrations 
revealed no significant main effects of disease phase (p = 0.81) or fungal presence/absence (p = 
0.43), nor a significant interaction effect (p = 0.30).  
Nitrogen content for all sampled trees averaged 0.67 ± 0.23 (SD)% and was not 
correlated with DBH (p = 0.77). Similarly, no significant effects were found for bark nitrogen 
(ANOVA 1, 2, and 3: p = 0.50, p = 0.32, and p = 0.47, respectively). In ANOVA 4, log-
transformation was necessary to satisfy normality assumptions. Transformed bark nitrogen 
concentrations showed no significant main effects of disease phase (p = 0.23) or fungal 






 The analysis of an isorhamnetin standard by HPLC revealed a UV absorption spectrum 
that differed substantially from the one provided by Cale (pers. comm.) which was used to 
identify isorhamnetin in the study by Cale et al. (2015) (Fig. 6). Therefore, I concluded that the 
identification of the compound as isorhamnetin by Cale et al. (2015) was in error. The actual 
identity of this compound remains unknown, and none of the peaks in the chromatograms from 




Ascospores from 117 bark discs from 26 trees were measured, and fungi from 116 of 
those bark discs were grown in culture. Ascospore lengths were all less than 12 μm which is in 
the range (10.4 -12.0 µm) for N. faginata (Castlebury et al. 2006). Similarly, all fungal cultures 








Mean Catechin (μg/g 
of bark ± SD) 
ANOVA 1 ANOVA 2 ANOVA 3 ANOVA 4 
Pre-BBD 5 (18) 958 ± 329     
AF 4 (15) 1025 ± 328     
KF-dis 3 (9) 1722 ± 19     
KF-old 4 (8) 991 ± 265     
AM-dis 5 (16) 1232 ± 439     
AM-old 4 (8) 1330 ± 856     
AM-clean 4 (9) 797 ± 214     




Table 2 Mean amount of catechin for trees in each phase of disease progression. Treatment groups included in 





Catechin & Isorhamnetin 
 Bark chemistry of American beech has been shown to play a role in the development of 
BBD (Wargo, 1980; Latty et al., 2003; Cale et al., 2015). However, bark chemistry of affected 
trees in different phases of the disease had never before been compared. I predicted that bark 
phosphorous, isorhamnetin, and catechin concentrations would all decrease as the disease 
progressed, and that bark nitrogen would increase. This prediction was not supported by my data; 
instead, phosphorous and nitrogen remained constant through each phase of disease, 
isorhamnetin was absent from the trees altogether, and catechin was elevated only in KF beech 
with an active infection (Table 2).  
The compound identified by Cale et al. (2015) as isorhamnetin was not detectable in my 
samples. Therefore, I could not carry out tests to determine if this compound plays a role in BBD 
development. Future research could focus on relocating this compound and identifying it 
correctly. However, reported effects of this compound relate to host susceptibility to N. ditissima 
(Cale et al., 2015), a fungus that was not isolated in my study. Thus, even if detection and 
quantification of this compound had been successful, it may have been difficult to draw 
meaningful conclusions. 
Results for the other phenolic, catechin, were substantially more informative. Catechin 
was elevated significantly in the diseased KF trees while it consistently remained at lower levels 
across the other sample groups. The simplest explanation for this is that it is part of a systemic 
induced defense response to Neonectria infection, and that when bark was sampled initially (1-2 
months before fungal fruiting), an infection was developing. Given that this study is 
observational and not manipulative, one might suggest that trees in the KF with high catechin 




cannot be ruled out, I would consider it unlikely because trees with low catechin in the KF still 
had clear indications of historical infections. Therefore, if high catechin predisposed infection, 
one would need to presume that those trees had once possessed elevated catechin for some 
unrelated reason and had since lost it. Additionally, low catechin levels were found in the AM 
diseased trees. That the pathogen would require high catechin in the KF but not the AM seems 
improbable, and, moreover, runs directly opposite to the findings of Cale et al. (2015).  
Systemic induced responses in trees involving elevating bark catechin levels is well 
documented in both angiosperms and gymnosperms (Petkovšek et al., 2008; Danielsson et al., 
2011; Li et al., 2012). The reason for this is unclear; fungistatic behavior of catechin has only 
been observed in vitro at concentrations much higher than what can be found in trees (Hunter, 
1978). Indeed, several species of pathogenic fungi including Ceratocystis polonica and 
Ophiostoma penicillatum are unaffected by high concentrations of catechin (Evensen et al., 
2000). However, bark phenolic extracts from Norway spruce containing approximately 2 mg 
catechin/g bark were shown to inhibit the growth of both C. polonica and O. penicillatum in vitro 
(Evensen et al., 2000). It is unknown whether this is due to catechin, other phenolics in the 
extract, or to synergistic effects between them and catechin. 
An alternative explanation for the induction of catechin in defensive responses involve its 
role as a substrate for polyphenol oxidases (PPOs), which oxidize o-diphenols, like catechin, to 
yield o-diquinones (Boeckx et al., 2015). Oxidative stress in herbivorous insects can be caused 
by o-diquinones (Rigsby et al., 2015), and cross-linking of proteins caused by these compounds 
reduces the nutritional value of plant tissues (Felton et al., 1989). Evidence strongly implicates 
PPOs in successful defense against insects (Ruuhola et al., 2007), fungi (Mohammadi & Kazemi, 




typically compartmentalized in thylakoid lumina with phenolics being stored in vacuoles 
(Boeckx et al., 2015). Given this arrangement, phenolics are only oxidized by PPOs if the cell is 
ruptured, such as by herbivory or by pathogen invasion. Indeed, the browning produced in 
potatoes and other consumables after wounding is a result of PPO interactions with phenolics 
induced by cell destruction (Bachem et al., 1994). No research has been done on the defensive 
properties of PPOs in American beech. This may be a fruitful next step in BBD research. 
Regardless of the role of catechin in defense in other systems, the presence of autumn 
lesions on beech trees with elevated summer catechin suggests that catechin is ineffective at 
preventing N. faginata infection. These findings contradict those of Cale et al. (2015), who 
suggested that trees in the AM with higher constitutive catechin concentrations were less likely 
to develop N. faginata infection in the AM. Direct comparison may be misleading, however; my 
study measured catechin levels in the months directly before fungal emergence, whereas Cale et 
al. (2015) measured them up to 1.5 years in advance. The levels of catechin at these times could 
conceivably be mechanistically different in terms of their role in defense.  
 
Aftermath Forest vs Killing Front 
Results from this study suggest that the catechin response is elastic. KF-old trees did not 
have elevated catechin, suggesting that the increase in catechin is temporary. Oddly, catechin is 
not induced in AM-dis trees. If the catechin response is temporary, then trees in the Aftermath 
AM forest have lost the capability to produce this response. A caveat to this is the marginally 
significant p-value of 0.10 observed when comparing AM-clean, AM-old and AM-dis trees. If 
this is biologically significant, then it is the AF-clean trees that are the most different; the AF-old 
and AF-dis trees have similar mean catechin concentrations (Table 2). This suggests that AM 




greater duration following infection. This supports the conclusion that chemical defenses of AM 
trees are different than KF trees. 
Differences in defense responses to pathogen challenge in KF trees and AM trees may be 
due to the prevalence of root sprout origin trees in the AM. Another difference is that 
Neonectria-infected beech stems in the AM displaying Neonectria lesions take substantially 
longer to die than their KF counterparts (Cale & McNulty, 2017). Further evidence that trees 
change their chemical responses to infection over time comes from Danielsson et al. (2011), who 
documented that Norway spruce produced an elevated catechin response to wounding and 
inoculation with Heterobasidion annosum, but that this response was temporary, and that, 
despite continuous pathogen challenge, catechin returned to constitutive levels given enough 
time. The AM trees, being root sprouts of killed adults, may somehow be under a similar state of 
‘continuous challenge,’ and therefore may be unlikely to sustain elevated catechin 
concentrations. 
The difference in catechin concentrations between diseased trees in the KF and in the AM 
may also be related to the jasmonic acid (JA) and salicylic acid (SA) pathways. The JA and SA 
pathways allow plants to alter their response to subsequent pathogen and insect challenges after 
an initial challenge. SA has been associated with systemic acquired resistance (SAR), which 
results from the activation of numerous pathogenesis-related genes and the systemic 
accumulation of a variety of defensive proteins as a response to the formation of a necrotic lesion 
(Durrant & Dong, 2004). When plants in the SAR state are attacked by a wide variety of 
organisms, including bacteria, fungi, and viruses, their symptomology is often greatly reduced 
compared to plants in a non-induced state (Ryals et al., 1996). Experiments designed to 




(Inbar et al., 2003; Hilfiker et al., 2014). The release of JA, on the other hand, has been more 
closely associated with insect feeding activity, and appears to be essential to the survivability of 
Arabidopsis thaliana under insect pressure (McConn et al., 1997). A small number of pathogen 
defense systems have also been associated with JA signaling (Davis et al., 2002; Glazebrook et 
al., 2005). There is some crosstalk between these two signaling pathways, although it is mostly 
relegated to mutual repression (Kunkel & Brooks, 2002). Indeed, Schlink (2011) reported that 
European beech seedlings responded to wounding of leaves by activating the JA pathway and 
repressing genes associated with the SA pathway. While no research has been done on these 
pathways in American beech, one might speculate that the mutual repression activities between 
the insect-associated JA pathway and pathogen-associated SA pathway could lead to the 
synergism between C. fagisuga and Neonectria which results in BBD. Future experiments could 
monitor endogenous JA and SA levels throughout disease progression to elucidate whether 
concentrations are elevated by the introduction of the different disease agents. Additionally, 
exogenous application of methyl jasmonate— a derivative of jasmonic acid— or salicylic acid to 
trees have been shown to initiate the effects of their respective pathways (Franceschi et al., 2002; 
Esmailzadeh et al., 2008). Greenhouse studies monitoring the effects of these applications on the 
bark chemistry of beech may also be a worthwhile endeavor.  
 
Nitrogen & Phosphorous 
The lack of differences in nitrogen observed in this study across the stages of disease 
development was an unexpected result. Latty et al. (2003), who examined trees in the AM, 
suggested that the bark concentrations of this essential nutrient played a role in disease 
susceptibility. The authors observed a correlation between tree diameter, bark nitrogen, and 




lesion density was caused by the increased nitrogen, by the size differences, or by some 
unmeasured third factor. My study removed size class as a confounding factor by sampling trees 
only within a relatively limited size range, and no effect of nitrogen was found. If bark nitrogen 
concentrations truly do play a role in beech response to challenge by Neonectria, one would 
expect that it would be impacted in some way by disease development. Given the results of my 
study, one could argue that the correlation observed by Latty et al. (2003) between nitrogen 
concentration and disease severity does not carry through to causation. Finally, I do not believe 
the lack of correlation found between tree diameter and bark nitrogen in my study contradicts the 
findings of Latty et al. (2003) because my study included trees within a limited size range. 
Similarly, the lack of phosphorous differences between the stand types runs contrary to 
the observations of Cale et al. (2015), who suggested that trees with lower bark phosphorous 
were more likely to develop infection in the AM. In my study, there is a selection bias in the AF 
and KF for trees that are susceptible, so if phosphorous was playing a resistance role in those 
stands it would not have been observed. However, trees in the AM both with and without 
infections showed no difference in their phosphorous levels, which would still seem to contradict 
Cale et al. (2015). Indeed, mean bark phosphorous for infected trees was higher (non-
significantly) than for uninfected trees. Notably, my observed mean phosphorous concentration 
was greater than what Cale et al. (2015) observed. Consequently, only three trees I sampled in 
the AM had a bark phosphorous concentration below 220 mg/kg, which was the mean value for 
susceptible trees reported by Cale et al. (2015). However, 83% of trees I sampled in the AM with 
a current year infection had bark phosphorous concentrations above 280 mg/kg, which was the 




in results could be explained by the fact that Cale et al. (2015) measured phosphorous levels one 
year prior to lesion emergence, whereas I measured them in the season directly prior to it.  
 
Neonectria 
One striking finding in this study was the complete absence of N. ditissima. This 
invalidates the hypothesis that the different lesion morphologies represent different fungal 
species. It also runs contrary to previous literature reporting that stands contain both Neonectria 
species (Houston, 1994; Wiggins et al., 2004; Kasson & Livingston, 2009; Cale et al., 2017). 
Houston (1994) suggested that N. ditissima was dominant in KF stands, nearly to the exclusion 
of N. faginata, and that overtime these N. faginata would become dominant. The lack of N. 
ditissima in any of my samples ultimately represents a limitation to this study, as the alterations 
to host bark chemistry elicited by this fungus may be different than those observed with N. 
faginata. Either way, finding only one Neonectria species throughout the whole study region 
appears to be anomalous.  
The lack of knowledge about how the fungus enters the tree, and how much time is 
required between infection and fruiting, is a limitation to BBD research. For example, in my 
study it was assumed that if fruiting bodies emerged in autumn, the fungus had already been 
active in the tree in summer. Similarly, if no fruiting bodies emerged in autumn, then the fungus 
was assumed to have been absent from the tree (or at least inactive) during the summer. It is by 
these assumptions that treatment groups were classified for statistical analysis. If these 
assumptions were incorrect, that would explain the general lack of significant differences in bark 
chemistry among the sample groups. The basis of these assumptions is that infection of new trees 
must occur during fruiting in autumn, and that the fungus must overwinter in the tree either as 




active in the tree for an undetermined length of time prior to autumn, as evidenced by the 
formation of so-called “tarry spot” or “slime flux” bark damage before formation of fruiting 
bodies (Erhlich, 1934; Houston, 1998). However, it is possible that two or three years pass 
between initial infection and fruiting. To my knowledge, no evidence exists to support one way 
or the other. 
 
The Role of Cryptococcus 
This study failed to meet the goal of determining the effect of C. fagisuga on beech trees 
in the AF that renders them susceptible to Neonectria infection in the KF. It is possible that the 
mechanical damage caused by the insect is sufficient (Ehrlich, 1934), but this is an unsatisfactory 
explanation because Lonsdale (1980) artificially inoculated European beech trees with 
Neonectria coccinea and found that the size of necrosis lesions correlated with C. fagisuga 
density. This suggests that the insect elicits some quantitative effect on bark chemistry. Indeed, if 
mechanical damage were sufficient to initiate Neonectria infection (specifically, N. ditissima), 
one would expect reports of BBD outside the range of C. fagisuga to occur at least occasionally. 
Given that such reports are absent from the literature, the hypothesis that the insect causes a 
systemic chemical response in its host remains compelling. Results from this study suggest that 
this change does not involve catechin, phosphorous, or nitrogen. Possibilities for other chemicals 
to examine in the future include SA, JA, and PPOs, as well as other unexamined phenolics, such 






BBD research continues to be important as the infection spreads southward and 
westward; as the disease becomes incorporated into different types of forest ecosystems, the 
ability to predict what may occur could prove critical to management. Gaining an understanding 
of how, if it all, the trees are equipped to defend themselves against the pathogen complex is key. 
This study provides further steps to that understanding, by suggesting that American beech stems 
with active Neonectria infection in the KF respond by elevating their bark catechin content. This 
study also suggests that bark nitrogen and phosphorous do not play a role in disease 
development, implying future investigations need not focus on these factors. Clearly, the feeding 
activity of Cryptococcus fagisuga renders the tree defenseless against invasion by Neonectria, 
and future studies should continue the work of this one in determining the mechanism behind 
this phenomenon. This study also demonstrated that American beech stems responding to 
infection in the AM do not increase catechin concentrations to the same degree as those in the 
KF. This supports previous findings that suggest the AM is fundamentally different compared to 
the other phases of the disease. BBD researchers should remain cognizant of this idea when 
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(ug/g) Transect Treatment State Game Land/State Forest 
1 815382.8 2 AM-dis 268 
2 1362475 2 AM-dis 268 
3 2649103 2 AM-dis 268 
4 1443848 2 AM-dis 268 
5 547369 2 AM-clean 268 
6 940401 2 AM-clean 268 
7 943139 2 AM-clean 268 
8 714101 2 AM-clean 268 
9 3788988 1 AM-dis 335 
10 1118208 1 AM-dis 335 
11 2570060 1 AM-old 335 
12 1009548 1 AM-dis 335 
14 911358.95 1 AM-dis 335 
15 1095290 1 AM-clean 335 
16 1084227 1 AM-dis 335 
17 634494 1 Pre-BBD 194 
18 864271 1 Pre-BBD 194 
19 1348645 1 Pre-BBD 194 
20 472524 1 Pre-BBD 194 
21 2005266 2 Pre-BBD 88 
22 640903 2 Pre-BBD 88 
23 446844 2 Pre-BBD 88 
24 1942144 2 KF-old 75 
25 379010 2 KF-old 75 
26 786741 2 KF-old 75 
27 310554 2 KF-old 75 
28 1850930 2 KF-old 75 
29 2627590 2 KF-old 75 
30 1161672 2 KF-old 75 
33 1086637 4 KF-dis 204 
34 747068 4 KF-old 204 
35 2421809 4 KF-dis 204 
36 1723699 4 KF-dis 204 
37 1001250.25 4 AF 59 
38 3229239 4 AF 59 




40 961975 4 AF 59 
42 306792 4 Pre-BBD 278 
43 1156693 4 Pre-BBD 278 
44 765043.7104 4 Pre-BBD 278 
46 807085 3 AM-old 64 
47 419155 3 AM-clean 64 
48 1070397.382 3 AM-old 64 
49 1004016.149 3 AM-clean 64 
50 844701.19 3 AM-old 64 
54 1125335 1 AF 212 
56 961075 1 AF 212 
57 1447110.88 1 AF 212 
58 1075375.975 3 KF-dis 92 
59 1129587 3 KF-old 92 
60 1270647.5 3 KF-dis 92 
61 2275770 3 KF-dis 92 
62 2237601 3 KF-dis 92 
64 307345 3 AF 323 
65 970524 3 AF 323 
66 1041632 3 AF 323 
67 367723 3 AF 323 
68 656548 3 Pre-BBD 113 
69 520428.8668 3 Pre-BBD 113 
70 389989.7439 3 Pre-BBD 113 
71 1191795 3 Pre-BBD 113 
74 2643079 5 KF-dis 62 
75 772235.0107 5 KF-dis 62 
76 373671 5 KF-old 62 
77 1214251 5 KF-old 62 
78 1499165 5 KF-old 62 
79 716087.2199 5 KF-old 62 
80 471639 5 AF 30 
81 978570.0099 5 AF 30 
82 1353623.976 5 AF 30 
83 578321 5 AF 30 
84 1754124 5 Pre-BBD 120 
85 1215883 5 Pre-BBD 120 
86 1743613.72 5 Pre-BBD 120 
87 1278945 5 Pre-BBD 120 
88 702535 4 AM-clean Coyl 




90 596202 4 AM-old Coyl 
91 1021994.5 4 AM-dis Coyl 
93 676105 4 AM-dis Coyl 
96 702535 4 AM-old Coyl 
97 487791 4 AM-clean Coyl 
98 451614 5 AM-dis Bush 
99 902785 5 AM-old Bush 
100 612329 5 AM-dis Bush 
101 1526768 5 AM-dis Bush 
102 1893094 5 AM-dis Bush 





(ug/g) Transect Treatment State Game Land/State Forest 
1 345.57 2 AM-dis 268 
2 292.94 2 AM-dis 268 
3 350.78 2 AM-dis 268 
4 289.7 2 AM-dis 268 
5 287.83 2 AM-clean 268 
6 270.19 2 AM-clean 268 
7 250.96 2 AM-clean 268 
8 317.09 2 AM-clean 268 
9 458.18 1 AM-dis 335 
10 362.51 1 AM-dis 335 
11 382.81 1 AM-old 335 
12 237.94 1 AM-dis 335 
14 319.77 1 AM-dis 335 
15 195.73 1 AM-clean 335 
16 302.13 1 AM-clean 335 
17 269.71 1 Pre-BBD 194 
18 245.53 1 Pre-BBD 194 
19 271.34 1 Pre-BBD 194 
20 286.47 1 Pre-BBD 194 
21 285.16 2 Pre-BBD 88 
22 409.11 2 Pre-BBD 88 
23 239.08 2 Pre-BBD 88 
24 303.74 2 KF-old 75 
25 280.22 2 KF-old 75 
26 306.17 2 KF-old 75 
27 194.95 2 KF-old 75 




29 310.36 2 KF-old 75 
30 399.56 2 KF-old 75 
31 283.51 4 KF-old 204 
33 253.61 4 KF-dis 204 
34 342.96 4 KF-old 204 
35 304.15 4 KF-dis 204 
36 256.28 4 KF-dis 204 
37 291.62 4 AF 59 
38 179.49 4 AF 59 
39 328.34 4 AF 59 
40 192.36 4 AF 59 
41 341.95 4 Pre-BBD 278 
42 175.58 4 Pre-BBD 278 
43 621.08 4 Pre-BBD 278 
44 307.19 4 Pre-BBD 278 
45 493.59 3 AM-dis 64 
46 343.76 3 AM-old 64 
47 377.9 3 AM-clean 64 
48 197.93 3 AM-old 64 
49 297.92 3 AM-clean 64 
50 310.43 3 AM-old 64 
51 292.48 3 AM-clean 64 
54 267.92 1 AF 212 
55 514.33 1 AF 212 
56 322.85 1 AF 212 
57 301.65 1 AF 212 
58 382.76 3 KF-dis 92 
59 413.81 3 KF-clean 92 
60 519.76 3 KF-dis 92 
61 351.17 3 KF-dis 92 
62 498.45 3 KF-dis 92 
64 320.09 3 AF 323 
65 325.1 3 AF 323 
66 210.12 3 AF 323 
67 271.43 3 AF 323 
68 329.53 3 Pre-BBD 113 
69 208.04 3 Pre-BBD 113 
70 285.3 3 Pre-BBD 113 
71 262.72 3 Pre-BBD 113 
74 334.16 5 KF-dis 62 




76 375.52 5 KF-clean 62 
77 290.89 5 KF-clean 62 
78 215.62 5 KF-clean 62 
79 337.49 5 KF-clean 62 
80 187.87 5 AF 30 
81 245.29 5 AF 30 
82 311.27 5 AF 30 
83 273.4 5 AF 30 
84 326.67 5 Pre-BBD 120 
85 207.38 5 Pre-BBD 120 
86 278.16 5 Pre-BBD 120 
87 378.82 5 Pre-BBD 120 
88 207.47 4 AM-clean Coyl 
89 385 4 AM-dis Coyl 
90 276.42 4 AM-old Coyl 
91 470.27 4 AM-dis Coyl 
92 304.79 4 AM-clean Coyl 
93 370.94 4 AM-dis Coyl 
94 231.42 4 AM-clean Coyl 
95 232.27 4 AM-dis Coyl 
96 354.58 4 AM-old Coyl 
97 326.78 4 AM-clean Coyl 
98 255.34 5 AM-dis Bush 
99 295.68 5 AM-old Bush 
100 431.67 5 AM-dis Bush 
101 339.12 5 AM-dis Bush 
102 323.46 5 AM-dis Bush 
103 366.3 5 AM-old Bush 
 
Nitrogen 
Sample %Nitrogen Transect Treatment State Game Land/State Forest 
1 0.661 2 D-After 268 
2 0.581 2 D-After 268 
3 0.605 2 D-After 268 
5 0.625 2 C-After 268 
6 0.584 2 C-After 268 
8 0.613 2 C-After 268 
9 1.002 1 D-After 335 
11 1.357 1 S-After 335 
14 0.610 1 D-After 335 




17 0.457 1 Pre-BBD 194 
19 0.567 1 Pre-BBD 194 
20 0.572 1 Pre-BBD 194 
21 0.653 2 Pre-BBD 88 
22 0.689 2 Pre-BBD 88 
23 0.519 2 Pre-BBD 88 
24 0.766 2 S-Killing 75 
26 0.830 2 S-Killing 75 
27 1.097 2 S-Killing 75 
31 0.574 4 S-Killing 204 
33 0.680 4 D-Killing 204 
34 0.806 4 S-Killing 204 
35 0.765 4 D-Killing 204 
36 0.728 4 D-Killing 204 
38 0.409 4 Advance 59 
39 0.673 4 Advance 59 
40 0.417 4 Advance 59 
42 0.581 4 Pre-BBD 278 
43 0.670 4 Pre-BBD 278 
44 0.650 4 Pre-BBD 278 
45 0.879 3 D-After 64 
46 0.673 3 S-After 64 
47 0.626 3 C-After 64 
48 0.318 3 S-After 64 
49 0.700 3 C-After 64 
50 0.757 3 S-After 64 
51 0.602 3 C-After 64 
52 0.686 3 C-After 64 
54 0.566 1 Advance 212 
56 0.697 1 Advance 212 
57 1.995 1 Advance 212 
58 0.655 3 D-Killing 92 
59 0.686 3 S-Killing 92 
61 0.727 3 D-Killing 92 
62 0.693 3 D-Killing 92 
64 0.616 3 Advance 323 
65 0.513 3 Advance 323 
66 0.532 3 Advance 323 
68 0.551 3 Pre-BBD 113 
70 0.699 3 Pre-BBD 113 




73 0.707 5 D-Killing 62 
74 0.783 5 D-Killing 62 
75 1.128 5 D-Killing 62 
76 0.840 5 S-Killing 62 
77 0.684 5 S-Killing 62 
79 0.958 5 S-Killing 62 
80 0.440 5 Advance 30 
81 0.577 5 Advance 30 
82 0.618 5 Advance 30 
84 0.653 5 Pre-BBD 120 
85 0.747 5 Pre-BBD 120 
87 0.648 5 Pre-BBD 120 
88 0.417 4 C-After Coyl 
89 0.573 4 D-After Coyl 
90 0.673 4 S-After Coyl 
92 0.538 4 C-After Coyl 
93 0.640 4 D-After Coyl 
94 0.739 4 C-After Coyl 
95 0.565 4 D-After Coyl 
96 0.439 4 S-After Coyl 
98 0.502 5 D-After Bush 
99 0.480 5 S-After Bush 
100 0.795 5 D-After Bush 
102 0.655 5 D-After Bush 






















Appendix B: ANOVA Tables  
 
Catechin, ANOVA 1 
 
Source     df 
Block     4 
Disease Phase    3 
Experimental Error   8 
Sampling Error   31 
Total     46 
 
Catechin, ANOVA 2 
 
Source     df 
Block     4 
Disease Phase    3 
Experimental Error   9 
Sampling Error   35 
Total     51 
 
Catechin, ANOVA 3 
 
Source     df 
Block     4 
Disease Phase    2 
Experimental Error   6 
Sampling Error   18 
Total     30 
 
Catechin, ANOVA 4 
 
Source     df 
Block     4 
Disease Phase    1 
Experimental Error (1)  3 
Fungal Presence    1 
Disease Phase * Fungal Presence 1 
Experimental Error (2)  3 
Sampling Error   21 
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